The virion protein, Vmw65, of herpes simplex virus selectively induces the transcription of the virus immediatcrearly genes and is required for normal virus replication and for virulence in animal models. Vmw65 operates by interacting with a host cell transcription factor (Oct-1) and analysis of the structurel function relationship within Vmw65 has facilitated the design of a peptide, corresponding to a local domain of the protein, which interferes with the Vmw65-0ct-1 interaction. The selective interference of proteinprotein interactions involved in gene regulation may provide a suitable target for the inhibition of virus replication.
Introduction
Any rational development of effective antiviral compounds requires the identification of suitable target functions which operate selectively in virus-infected cells and are required for virus replication.
While many of the processes involved in virus reproduction from absorption to maturation could potentially provide target sites for intervention, in practice the majority of antiviral compounds in clinical use act at the level of nucleotide metabolism and virus nucleic acid replication. Recently, with the rapid expansion in detailed molecular biological investigations of the structure and function of virus proteins and nucleic acids, additional steps in the virus life cycle may be seriously considered in developing strategies for intervention. Included in these potential novel targets are those virus-encoded regulatory proteins which are essential for co-ordinated control of virus gene expression and for virus replication. An example of such a protein is the virion transactivator of herpes simplex virus (HSV), Vmw65. The transcriptional role of this protein has been shown to be required for normal HSV replication and for virulence in mice (Ace et sl., 1989) . This article reviews the information on the mechanism of action of Vmw65 as an example of how current investigation in basic aspects of gene expression could lead to the identification of target sites for antiviral compounds.
Herpes simplex virus gene expression
Herpes simplex virus contains a large linear double-standard DNA genome of approximately 150 kilobases which encodes 70-80 primary gene products (McGeoch et al., 1988) . Productive infection with HSV results in a complex cascade of positive and negative regulation of these virus proteins (Honess and Roizman, 1975) , with regulation of transcriptional initiation providing the main level of control of the co-ordinate induction of the different classes of virus genes (Weinheimer and McKnight, 1987; review by Wagner, 1983) . While HSV encodes a number of proteins, including a DNA polymerase required for replicating the virus genome, it does not encode a RNA polymerase, and transcription of all HSV genes relies on the host cell RNA polymerase (Ben-Zeev and Becker, 1977; Costanzo et al., 1977) . Only five proteins, the immediate-early (IE) proteins, are expressed immediately after infection and the genes for the IE proteins, unlike all the other HSV genes, are transcribed in the absence of de novo infected cell protein synthesis. From these observations it was a reasonable expectation that the IE genes would be selectively recognized and transcribed by an unmodified host transcriptional apparatus. However, an unusual feature of herpes simplex virus gene expression is the positive regulation of IE transcription by a structural component of the virus. This was first demonstrated from the analysis of virus infection of cell lines containing hybrid target genes controlled by IE promoters (Post et aI., 1981; Herz and Roizman, 1983) , and the identity of the structural component mediating IE induction was subsequently revealed by the experiments of Campbell et al. (1984) to be late protein Vmw65 (VP16). Results of earlier work on HSV protein synthesis and virion topology have shown that Vmw65 is a major late-infected cell phosphoprotein Which is assembled into the tegument region, surrounding the capsid but internal to the envelope, at approximately OCTA----TAAT ----GARAT adaptor Initiatioñ TATA box - Fig. 1 . Summary and speculation on the Vmw65-promoted transcription complex assembly. At least three components are required for complex assembly, Oct-1, Vmw65, and an additional factor variously described as VCAF-1 (Xiao and Capone, 1990) , C1/C2 (Kristie et a/., 1989) and CFF (Katan et a/., 1990) . The relationship between VCAF-1, C1 and CFF is presently unknown and, while it is likely, it has not been unequivocally demonstrated that the auxiliary component is assembled into the complex. Within Oct -1 the third helix (H3 in figure) of the homeodomain (corresponding to the second helix of the helix-tum-helix section) is, by analogy with the homeodomain of the Antennapaedia protein (Otting et a/., 1990) , likely to make the major specific contacts with the octamer sequence. However, it is also clear that the POU-specific region of Oct-1 is required for DNA binding and recent results indicate that this is probably due to specific contacts between the POU-specific region and the 5' region of the octamer site (see figure in Verrijzer et al., 1990) . The GARAT region is not specifically required for Oct-1 binding but is required for the recruitment of Vmw65, although' no evidence exists either way as to whether Vmw65 contacts the GARAT region. It is possible that (CFFNCAF/C1) recognizes the GARAT region and is stabilized in a complex with Oct-1 only in the presence of Vmw65 (see Goding and O'Hare, 1989) . The POU domain (specific and homeodomain) is sufficient for assembly of the full complex with Vmw65 and the auxiliary component (Kristie et aI., 1989; Katan et et., 1990) . Residues within the first (H1 not shown) and second helix (H2 in figure) of the homeodomain of Oct-1 dictate complex assembly with Vmw65 but it is not yet clear whether this is due to direct contact with Vmw65 or with the auxiliary factor. Unresolved aspects 'of these interactions are indicated by broken lines. The 360-390 region of Vmw65 is crucial for complex assembly and it is probable that this is a site of interaction with CFF, at least (Katan et al., 1990) . The result of complex assembly is the stable recruitment of the acid domain (residues 420-490) onto the virus IE genes. Although the acidic domain is sufficient for activation if bound to DNA by an independent route, Oct-1 or CFF could be mechanistically involved in the Vmw65 response. 400-600 molecules per particle (Heine et aI., 1974) . It is noteworthy that neither the infection process itself, nor other virion proteins, are required for the mechanism of action of Vmw65, since the protein functions efficiently when introduced into cells by transfection of the isolated gene.
Transcriptional activation by Vmw65 requires the interaction with host cell factors
Sequence data from upstream regions of IE genes revealed IE-specific TAATGARAT (where R = purine) consensus motifs present in one or more copies in the 5' region of each of the five IE genes (Mackem and Roizman, 1982a; Murchie and McGeoch, 1982; Whitton et al., 1983) , and these consensus motifs were shown to be required for the stimulation of IE transcription (Mackem and Roizman, 1982b; Kristie and Roizman, 1984; Preston et al., 1984; O'Hare and Hayward, 1987; Triezenberg et al., 1988a) .
Similarly, a non-inducible promoter can be converted to a Vmw65-inducible one by the insertion of an isolated TAATGARAT.motif in the upstream region (O'Hare and .
Despite the demonstration of specific cis-acting target sequences for induction, Vmw65 has not been shown to bind DNA independently (Marsden et al., 1987; McKnight et al., 1987) . However, several laboratories investigating the mechanism of action of Vmw65 demonstrated the specific binding of a cellular protein to the TAATGARAT consensus motif .Preston et aI., 1988) and this protein was subsequently identified as the ubiquitous transcription factor Oct-1 (O'Hare and Stern et al., 1989) .
The expression or regulation of several cellular genes is dependent on Oct-1 and it therefore seemed likely that Oct-1 binding to the TAATGARAT motif was involved in mediating the effect of Vmw65 on transcription of the HSV IE genes. Subsequent results demonstrated that, while Vmw65 does not independently bind DNA, it is recruited into aTAATGARAT-specific DNA binding complex dependent on and together with Oct-t (O'Hare and Preston et aI., 1988; Stern et al., 1989; McKnight et aI., 1987) . The TMTGARAT signal is therefore a complex bimodal recognition site with the 5' 'octamer' related region being recognized by Oct-1 and the 3' IE-specific GARAT region being necessary for the binding of Vmw65 Gerster and Roeder, 1988) . Transfer of Vmw65 inducibility by a consensus motif correlated not with its ability just to bind Oct-1 but with its ability to promote the Oct-1-Vmw65 complex (O'Hare et aI., 1988) .
However, since it is now clear that Oct-1 and Vmw65 are not sufficient for complex formation (Gerster and Roeder, I 1988; Kristie et a/., 1989; Xiao and Capone, 1990; Katan et a/., 1990) , Vmw65 may not necessarily directly contact the GARAT region (see Fig. 1 for a summary of Vmw65 complex assembly).
The Oct-1-Vmw65 DNA binding complex is considerably more stable than Oct-1 binding alone (P, O'Hare, unpublished data) and it was possible that the selective recruitment per se of Oct-1 onto the virus TAATGARAT motif was sufficient for induction, with Oct-1 being mechanistically involved in the transcriptional response. Several lines of functional analysis have demonstrated that the requirements within Vmw65 for interaction with Oct-1 and formation of the DNA-binding complex are separate from those required for transcriptional induction (see below). Thus the stable recruitment of Oct-1 onto the TAATGARAT sequence is not sufficient for IE activation. On the basis of these observations it was proposed that variants of Vmw65 which retained the ability to interact with the cellular target protein(s) but lacked the ability to transactlvate IE expression would dominantly interfere with activation by the normal protein (friezenberg et a/., 1988b).
Structure/function relationship with Vrnw65
The main feature of the amino acid sequence of Vmw65 which dictated early analysis on functional requirements for transactivation was the highly enriched acidic content of the carboxy terminal region (Dalrymple et el., 1985; Pellett et aI., 1985) . Of the terminal 70 amino acids, 20 are aspartic or glutamic acidic residues which, from secondary structure and helical wheel predictions, may be contained within two amphipathic alpha helices. Moreover, the observation that the homologue of Vmw65 in varicella-zoster virus ORF10 had a predicted molecular weight of around 46 KD and completely lacked a region corresponding to the acidic terminus of Vmw65 (Davison and Scott, 1986) , indicated that the acidic region may not have a structural role in the Virion but is involved in the regulatory role of Vmw65. This proposal was reinforced by the demonstration that the separate transactivation regions of two yeast regulatory proteins, GCN4 and GAL4, were enriched in acidic residues and predicted to form amphipathic helices (Ma and Ptashne, 1987; Hope et a/., 1988) . Subsequent results demonstrated that variant Vmw65 proteins which lacked approximately 50 residues from the carboxy terminus were completely defective for IE induction (friezenbery et aI., 1988b; . The mechanism of action of the acidic region of Vmw65 is the subject of considerable investigation. The region is a functional domain in that it can be fused to a protein with independent sequence-specific DNA binding properties and transfer the ability to strongly induce Targets for antiviral chemotherapy: Vmw65 3 transcription of a promoter containing the appropriate cognate binding site (Sadowski et el., 1988; Cousens et a/., 1989) . While the evidence is somewhat equivocal, current results indicate that the acidic domain of Vmw65 (and presumably acidic activation domains of other virus and cellular proteins) promotes the assembly of a pre-initiation complex containing the TATA box factor TFIID topologically altered for productive initiation (Horikoshi et aI., 1988) . This is achieved either by direct interaction of the acidic domain with TFIID (Stringer et a/., 1990) , by its interaction with an activation-specific subclass of TFIID, by its interaction with an 'adaptor' species required for inducible expression but unnecessary for constitutive expression, or by the promotion of a step in initiation of transcription subsequent to TFIID interaction (Berger et a/., 1990; Kelleher et sl., 1990; Martin et a/., 1990; Carey et a/., 1990) . Precisely why the acidic domain of Vmw65 is unusually efficient in transcription induction is presently unclear. As stated above, secondary structure predictions indicate that this region of Vmw65 may form two helices, the first centering around residues 430-440 and the second around residues 470-480. If formed, these helices could each be arranged with the acidic residues on one face and hydrophobic residues along the other face, and would be separated by a 15-20 residue linker region rich in prolines and glycines. It is possible that interaction between the two hydrophobic faces of the helices results in a double-barrelled structure surrounded by acidic residues. Nonetheless, for Vmw65 transactivation there is some redundancy within the acidic domain, since deletion of either the terminal helix or of major portions of the penultimate helix has little effect on IE transactivation Triezenberg et a/., 1988b; P. O'Hare, unpublished data) . Moreoever, in the corresponding region of the HSV-2 protein there is a helix-disrupting proline at residue 435 despite virtual complete homology in the remainder of the region (R. Greaves and P. O'Hare, manuscript in preparation) . This may indicate that any helix internal to the 470-480 helix forms on the carboxy terminal side of residue 435, around residues 437-445. Consistent with this is the statement that substitution of the phenylalanine residue at position 442 for proline completely disrupts Vmw65 IE transactivation (cited in Stringer et a/., 1990) , although this result would seem to indicate that the carboxy terminal helix would not function independently in the absence of the internal helix.
Clearly, since many regulatory proteins of the host cell may operate via a related mechanism, interference with the function of the acidic domain of Vmw65 does not offer any realistic route to inhibition of virus replication. However, the prior step of recruitment of Vmw65 onto the virus regulatory motif by an interaction with a cellular factor does represent a candidate site for interference with virus gene expression.
Inhibition of the regulatory function of Vmw65
The demonstration that interference with Vmw65 function was possible and could result in the inhibition of virus replication first came from the experiments of Triezenberg et al. (1988b) . They showed that a truncation of the carboxy terminal acidic region not only abolished the activation function, but also created a protein which could prevent activation by the normal Vmw65. A reasonable explanation for this result is that the truncated protein can still interact with Oct-1 to form a DNA binding complex and thus it could titrate out Oct-1 and limit its availability to the native Vmw65, or it could form a stable complex on the target genes preventing access of the functional protein. The result of this dominant interference is that cell lines stably expressing the truncated protein are impaired in their ability to support HSV replication because of a substantial reduction in IE gene expression (Friedman et a/., 1988) . If the inhibition of HSV replication was due to the formation of a stable but defective complex on the IE genes, then the concept of dominant interference may represent a plausible antiviral route. However, if the defect was due to the titration of Oct-1 or other cellular factors in complexes with defective Vmw65, clearly this would also be likely to perturb expression of the numerous host cell genes which are dependent on normal Oct-1 function. However, a more refined approach to inhibition of Vmw65 function may be feasible based on a detailed understanding of the Vmw65-0ct-1 interaction.
The N-and C-terminal boundaries of Vmw65 for assembly of the complex, map within residues 49-75 and 384-388, respectively ; see Fig. 1 for a summary of Vmw65 complex assembly). The abolition of complex formation by deletion of the amino acids 388-384 or by the insertion of short 2-4 residue peptides at (among others) positions 369 or 379 (Ace et a/., 1988; Werstuck and Capone, 1989) have lead us to propose that the region from residues 360 to 390 may constitute an important site for direct protein-protein interaction during formation of the complex. Structural predictions for this region indicate that it may form a helix-random coil-helix with a cluster of positively charged residues located around the junction between the end of the first helix and the beginning of the open region and a cluster of acidic residues located around the end of the open region at the junction with the second helix. Furthermore, limited proteolysis analyses of Vmw65 indicate that of the only two regions of the native protein exposed to trypsin cleavage, one maps to the lysine residue at position 370 (P. O'Hare, unpublished data). Extensive site-directed mutagenesis of this region has also shown that single amino acid substitutions (some relatively conservative) across a number of the residues in this region abolish complex formation without having any detectable effect on folding (at least as determined by limited proteolysis). Notable features resulting from sitedirected mutagenesis include the extreme sensitivity of the open region between the two predicted helices; tolerance of a serine to threonine substitution but not a serine to alanine at residue 375; and the less drastic effect on complex formation of substitution within the charged regions adjacent to the helices P. O'Hare and R. Greaves, unpublished data) . Together these results indicate that the region from residues 360-390 adopts a local conformation at the surface of the protein which is directly involved in proteinprotein interaction during complex formation. On the basis of this proposal we tested the ability of a 13 amino acid peptide, corresponding to residues 360-373, to interfere with complex formation in an in vitro assay. The result demonstrated that the peptide prevented complex formation but had no effect on independent Oct-1 binding . Inhibition of complex formation was vitually complete at 1-5 nmol of peptide per 20 J.LI reaction assay, while several additional peptides corresponding to other regions of Vmw65 had no significant effect. The simplest interpretation of the results is that the peptide mimics the functional site on Vmw65 and is able to interact with a target site on the cellular protein and compete out native Vmw65 binding. The target site for the peptide may not necessarily be in Oct-1. Recent results indicate that at least one additional factor required for complex formation can bind to Vmw65 in the absence of Oct-1 (Xiao and Capone, 1990; P. O'Hare, unpublished data) and there is presently no evidence for a Vmw65-0ct"1 intermediate in the absence (or presence) of DNA. Since the target site for the peptide inhibition is an interaction that takes place in the absence of the DNA , all the current evidence indicates that it is the initial interaction of the Vmw65 and the non-Oct-t component that is the site of action for peptide interference (Fig. 1) .
Work is now in progress to verify the site of action of the peptide by, for example, cross-linking of radiolabeiled peptides and to examine the efficiency of inhibition of different peptides corresponding to possible subdomains within the region. The results of Ace et et., (1989) demonstrate substantially impaired replicative capacity of a mutant virus which encodes a Vmw65 variant competent in its structural role but defective in its regulatory role. Therefore, there is the real prospect that a peptide which effectively interfered with assembly of the Vmw65 transcription complex would inhibit virus replication, particularly at the lower multiplicities of infection likely to be encountered in vivo. Clearly, however, since the peptide interferes with a host protein-virus protein interaction, rather than a virus protein-protein interaction, any conceived use of Vmw65 as a target would require the l I demonstration of the absence of a significant effect on the function of the host protein target and on cell growth and viability. Such studies are also in progress.
Conclusions
The inhibition of enzymes such as proteases by peptide antagonists has been well characterized in many studies and has been universally employed in the preparation of intact protein from cellular sources. Specifically designed peptides have also been shown to be very effective inhibitors of virus-encoded proteases, including the HIV protease, and to inhibit virus replication in cell culture (Meek et aI., 1989) . The use of peptides has also been extended to inhibit enzyme protein-protein interactions such as that involved in ribonucleotide reductase activity of herpes simplex virus (Cohen et al., 1986; Dutia et al., 1986) .
Advances in the understanding of the structure and function of many virus-encoded proteins are broadening the number of sites which may be rationally explored as antiviral targets through the selective inhibition of proteinprotein interactions. Included in these are many virusencoded transcriptional regulatory proteins which are essential for normal progress of virus replication. Current examples of this include the inhibition of Vmw65-complex binding activity and the recent demonstration of peptide antagonists of the interaction of both the human papilloma virus E7 protein and the simian virus 40 large T antigen with the cellular Rb protein (De Caprio et al., 1989; Jones et al., 1990) , and the dominant inhibition of the TAT and Rev functions of HIV by minimal domain peptides (Green et al., 1989; Rimsky et et., 1989) . As knowledge of the structure-function relationships of other proteins becomes available, many sites may become useful targets for similar approaches to the development of novel antiviral compounds and the outstanding problems may become more related to questions such as delivery and stability.
